This study reports on fouling mechanisms of skim milk and whey during membrane distillation (MD) using polytetrafluoroethylene (PTFE) membranes. Structural and elemental changes along the fouling layer from the anchor point at the membrane to the top surface of the fouling layer have been investigated using synchrotron IR micro-spectroscopy and electron microscopy with associated energy dispersive X-ray spectroscopy (EDS). Initial adhesion of single components on a membrane representing a PTFE surface was observed in-situ utilizing reflectometry. Whey components were found to penetrate into the membrane matrix while skim milk fouling remained on top of the membrane. Whey proteins had weaker attractive interaction with the membrane and adhesion depended more on the presence of phosphorus near the membrane surface and throughout to establish the fouling layer. This work has given detailed insight into the fouling mechanisms of MD membranes in major dairy streams, essential for maintaining membrane distillation operational for acceptable times, therewith allowing further development of this emerging technology. 2
Introduction
Membrane distillation (MD) is a thermally driven membrane process and relies on a highly hydrophobic porous membrane to maintain a liquid-vapour interface. Common membrane materials for MD are polypropylene (PP), polyvinylidene fluoride (PVDF) and PTFE [1, 2] . The highest performing membrane material for MD is PTFE due to its high hydrophobicity, chemical inertness and open porous structure [3] . Fouling in the MD process is different to that observed in pressure driven processes such as RO. The low operating pressure used in MD may potentially lead to a less compact, more easily removed, fouling layer. Also, since only volatile compounds pass through the membrane pores, the potential for in-pore fouling is minimized in MD applications. Studies of MD processes have, however, revealed that penetration of foulants into the membrane can occur in some instances [4] . There is a need for a better understanding how dairy components interact with MD membranes and accumulate at the membrane surface. This understanding may allow better control of performance of membrane distillation via better mitigation of fouling.
The high hydrophobicity of MD membranes can result in the establishment of hydrophobic interactions between the membrane and any solutes that have hydrophobic components, such as proteins and fats. While hydrophilic coatings may be a possible avenue to reduce the fouling that results from these hydrophobic interactions [5] [6] [7] , simple uncoated membranes have advantages in terms of lower cost and can be easier to manage over time as there is no requirement to maintain a specialised surface coating.
There are numerous studies on fouling phenomena occurring with dairy components [8] [9] [10] [11] [12] [13] , however little can be found on the actual mechanisms behind the fouling. Most studies focus on membrane performance, not investigating kinetics behind fouling phenomena observed. In cases where fouling layer compositions have been studied, analyses focus on the average composition of the surface deposits or visualizing the top surface deposits, but not on the underlying deposit layers.
For those studies that did investigate cross-sections of fouling layers [10, 14] , no elemental or structural analysis has been conducted leading to an incomplete understanding of the deposition kinetics of dairy foulants. In particular, dairy fouling studies on hydrophobic membranes as used for MD are almost non-existent.
This work not only describes fouling phenomena observed during MD but also identifies the underlying chemistry considering the kinetics of the fouling layer buildup, with a focus on the initial adhesion reactions and fouling compositional profiles. Such exploration and understanding of fouling mechanisms is critical to successfully introduce MD systems to dairy operations, and in particular for the development of effective cleaning and antifouling strategies.
Materials and Methods

Direct contact membrane distillation (DCMD) system
The equipment used to test DCMD with dairy solutions is shown in Figure 1 . PTFE flat-sheet membranes (Ningbo Chanqi, China) of 0.5 µm nominal pore size and about 20 µm thickness, with a woven (scrim) polypropylene support were used in a laboratory scale Osmonics SEPA CF module (GE Osmonics, Minneapolis, MN, USA) housing providing an effective membrane area of 0.014 m 2 . A peristaltic pump with two heads provided a steady flow on both, feed and permeate, sides. On the permeate side, cold stripping water was circulated to provide the temperature difference and to allow vapour condensation on the cold side. All four inlet and outlet temperatures were measured as well as both inlet pressures. Flux was measured by continuously and automatically recording permeate weight gain in the closed circuit. sides of the membrane. The feed temperature was limited to 54 °C in order to avoid effects of protein denaturation as whey proteins start to unfold at temperatures higher than 60 °C [15] . A relatively low flow rate was chosen to ensure the feed pressure never exceeded 10 kPa to exclude any effect from an increasing pressure. Moderate increases in pressure have been shown to compress PTFE MD membranes [16] that led to reduced flux, but it was not expected to be significant in these experiments because the pressure was never observed to go beyond 10 kPa.
Deionised water was used for benchmarking and flux recorded after a one hour stabilization phase.
Operating conditions for experiments were kept consistent with benchmarking parameters.
As hydrophobic membrane distillation membranes are very sensitive to fat [17, 18] , the dairy systems tested in this paper were very low in fat: <0.1 % for skim milk and whey. Reconstituted powder dispersions were prepared from commercial samples obtained from a local supplier and composition shown in Table 1 . These preparations were tested at 20 % total solids dispersed in deionised water. To prevent microbial growth, 0.2 g•L -1 of sodium azide (Sigma-Aldrich, St Louis, USA) was added to the feed solution. Every test was carried out for an extended period of time (~20 hours) which is a targeted runtime in the dairy industry where daily cleaning is necessary due to microbial growth. 
Wet-chemistry analyses of fouling layers
To analyse the composition of fouling layers after experiments, the membranes were cut into 14 cm 2 strips and soaked in 2 ml of deionised water over night at 50 °C. The membrane surface was then scraped with a surgical blade to remove all matter remaining on the membrane into the original soaking water. The resulting solution was left at 50 °C again until all particulates were dissolved.
After this removal procedure there was no visible fouling left on the membrane and no visible particles in the soaking water. The concentration of foulant compounds per cm 2 of membrane was calculated from the concentration in the soaking water determined by the difference in the initial and final weight.
Lactose HPLC
Lactose in the fouling layer samples was detected by a HPLC system (Shimadzu, Kyoto, Japan) as reported elsewhere [19] . For this, 900 µl samples were filtered through 0.45 µm syringe filter into HPLC sample bottles. An Agilent Zorbax Carbohydrate column and a light-scattering detector were used. The flow rate was set to 1.4 ml per minute, the mobile phase consisted of 75 % acetonitrile and 25 % HPLC grade water. Standards of 0.05, 0.1, 0.2, 0.5, 1 and 2% lactose were run to produce a calibration curve. The injection volume was 10 µl.
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
Fouling layer samples were analysed for selected cations (K + , Na + , Ca 2+ , Mg 2+ , P) using a Shimadzu ICP E-9000 unit (Kyoto, Japan). Samples containing a high amount of proteins were subjected to a wetdigestion step prior to ICP-analysis as suggested by Kira et al. [20] . Aliquots of 100 µL of sample were mixed with 1 mL of HNO 3 (65 % v/v) and heated to boiling temperature for at least an hour or until de-coloration occurred leaving a clear solution as evidence of organics being fully digested. The digested sample and 10 mL of HNO 3 (5%) were transferred into a volumetric flask and filled to the standard volume using deionised water to dilute samples as needed to achieve a total solids concentration below 0.1 %. Samples not containing organics were acidified using the same amount of HNO 3 but were not subjected to a digestion step. All samples were filtered through a 0.45 µm syringe filter into ICP sample bottles. All calibration solutions were prepared using standard solutions for each element following a dilution scheme to establish a calibration curve for each mineral.
Total Organic Carbon (TOC) and Total Nitrogen Analysis (TN)
Samples were analysed for total organic carbon and total nitrogen using a Total Organic Carbon and Total Nitrogen Analyzer (Shimadzu V CSH ). Sample preparation only involved dilution to below 100ppm of carbon. For total nitrogen analysis samples needed to be diluted below 50 ppm of nitrogen. Standard solutions of 100 ppm potassium hydrogen phthalate (KHP) for TOC and 50 ppm potassium nitrate (KNO 3 ) for TN analysis were used to confirm the original calibration. To convert the nitrogen reading to milk protein, the nitrogen measurement was multiplied by a Kjeldahl factor of 6.38 [21] . This is equivalent to the Kjeldahl method which is officially recognised as a standard reference method in food science and technology [22] .
Fouling layer cross section analysis 2.3.1 Scanning Electron Microscopy (SEM), coupled with Energy Dispersion Spectrometry (EDS)
The morphology of the fouling layers after MD testing was studied using a bench-top SEM (Nikon/JEOL Neo-Scope JCM-5000, Melville, NY) applying a voltage of 10 kV and using a secondary electron detector. Study of the changes in elemental composition along the fouling layers from the anchor point at the membrane to the top of the fouling layer was performed using a SEM coupled with energy dispersion spectrometry (EDS). This analysis was carried out from the surface by observing inside the cracks of the fouling layer which occurred as a result of the drying step. This conveniently excluded artifacts due to sample preparation. Samples were dried in a vacuum oven over night and 2 min gold coated for conventional SEM and platinum coated for SEM-EDS analysis.
Cross-sections were prepared by a cryo-snap method [23] . The membrane pores were hydrated using ethanol, then ethanol was replaced by water and the membrane strip placed into a flint glass test tube which was then submerged in liquid nitrogen for 5 minutes before freeze snapping the glass tube with the fully hydrated membrane inside. The cleaved membranes still embedded in ice were then dried as described earlier. Embedding the membrane in a continuous matrix of water/ice during fracturing reduces artifacts.
Reflectometry
Reflectometery is an optical measurement for component adhesion on even surfaces. The principle and detailed method of this technique are explained in detail elsewhere [24, 25] . . Fouling solutions need to be of low concentration for this analysis due to the laser passing through the solution. They were prepared by dissolving 1 g•l -1 of the respective foulant in a phosphate buffer at pH 7 to reproduce conditions of the natural dairy streams.
A linearly polarized He/Ne laser beam entered the measurement cell through a 45˚ glass prism and left the cell through a second 45˚ prism. It was split into its parallel and perpendicular components by a polarizing beam splitter, intensities of the normal and parallel components were recorded over time. The intensity change of the reflected polarized laser was converted to adsorbed amounts using a 5-layer matrix model [26, 27] . This model requires the thickness of the polymer layer and refractive indices of the various layers, as determined by ellipsometry (see above). For the silicon substrate, a refractive index of 3.85 with imaginary part 0.02 was used [25] and the refractive index used for the PTFE top layer was 1.35. A refractive index increment (dn/dc) of 0.187 was used for whey proteins and 0.207 for caseins [28, 29] .
Synchrotron Infrared microscopy
Infrared spectroscopy at the Australian Synchrotron was used to map organic sub-layers of the fouling layer. To allow for examination in transmission mode, samples were cut thin enough for the beam to pass through the sample. This was done at Hawthorn Histology, Melbourne, by embedding the fouled membranes in paraffin, microtoming to 10 µm thick sections and subsequent fusing of the thin sections on CaF 2 windows (Crystran Ltd, UK) at 60°C to enable effective transmission analysis of the membrane and fouling layers.
Results and Discussion
Fouling development over time
Fouling reversibility during periodic switching from skim milk to water during MD treatment is shown in Figure 2 . Flux decline during skim milk treatment occurred rapidly (within minutes) and flux recoveries were only partial within 30 minutes of processing with water. Even after long recovery periods (i.e. hours) in pure water, flux only returned to about 50% of the original pure water value. The fouling reversibility for a whey solution is shown in Figure 3 . In contrast to the flux observed during skim milk processing, switching back to water after a short fouling period restored water flux to its original stable value of around 22 kg•m -2
•h An interesting difference between the flux profiles of skim milk and whey is the flux trends that take place during the first few water permeation stages. In the skim milk experiment, water permeation results in an increase in flux towards the clean water flux after skim milk permeation stages at the beginning of the experiment. In the whey experiment, however, water permeation initially results in a flux close to the initial level of clean water at the start of the experiment, and this then decreases to a slightly lower level. These changes are difficult to explain, but may involve a temporary increase in effective surface area (i.e. air/water interface) resulting from the restoration of hydrophobicity of the membrane as the foulant is removed during water permeation, and the subsequent decrease in contact angle at the PTFE surface as the foulant is dissolved and decreases the surface tension of the water. A decrease in surface tension of the solution has been found to decrease the contact angle on the PTFE surface [30] .
The effect of time on the formation of the skim milk and whey fouling layers is shown in the SEM images in Figure 4 . The fouling layer of skim milk was relatively constant between 5 and 30 minutes of operation and covered the entire membrane area. The layer then continued to grow in thickness but reached a steady state after 1 hour. Flux with the skim milk solution on the other hand, did not drop much between 5min and 2 hours of operation (Figure 2 ). This indicates that the thin layer formed after 5min was equally permeable as the layer formed after 2 hours. The rate limiting factor appears to be the limited surface area exposed to water due to the low porosity of the fouling layer or also reduced vapour pressure due to the higher solids content of the fouling layer. Extended build up of the fouling layer seems to lead to increased resistance for water transport to the surface, but this seems to be small compared to the limitation of the evaporation area. Whey fouling on the other hand started with patches on the membrane that developed to a layer that covered the entire membrane surface after 6 hours of operation. The fouling layer grew in terms of surface area covered, whereas skim milk fouling layer was more homogenous from the beginning and developed in thickness, and this can also explain the observed differences in flux reduction (rate). Changes in composition of the collected fouling layer for skim milk and whey fouled membranes over time are shown in Figure 5 . Skim milk fouling appears to have occurred in different stages. First, caseins and salts deposited on the membrane surface, while lactose was only detected after longer fouling times. Protein deposition was higher for skim milk at all fouling stages, however protein content of the fouling layer increased substantially after 30 min of fouling, whereas whey fouled membranes showed a gradual rise in protein concentration initially with a great accumulation between 2 and 4 hours. Also, the ratio between the three major components did not change as Overall, whey flux decline appeared to follow the growth of fouling layer thickness and increased deposited amount of solids, flux is therefore controlled by diffusion resistance in this layer. However for skim milk, the total deposited amount does not correlate with the observed differences in flux.
Compared to whey, the fouling layer was thinner but flux was much lower, especially in the first few minutes. As described above, we could explain this difference due to either a denser fouling layer or also reduced vapour pressure associated with the concentrated solids. Since the skim milk fouling layer grew continuously over 2 hours ( Figure 4 and Figure 5 ) and the increase in thickness had an insignificant effect on flux (Figure 2 ), it suggests that diffusion resistance did not govern the flux decline as it was for whey. Water vapour pressure reduction due to dried material at the membrane surface is not linked to the thickness of fouled substance so it is possible that dry fouling substance influenced the flux independently to thickness. Uncovering the separate properties of vapour pressure of fouling layers and linking this to membrane performance is subject of our ongoing work in this area. During fouling development of whey, the amount of protein and salt at very early stages was almost equal. This was followed with greater amounts of protein accumulation in the fouling layer while the salt concentration increased only slightly. Table 2 shows the mineral composition of the fouling layers with time. The key minerals involved in deposition were calcium and phosphorus, however they appeared to play a more significant role in skim milk fouling than in whey fouling. For skim milk, the high calcium and phosphorus content can be explained by the nature of caseins in skim milk.
These proteins are present in form of micelles, which contain colloidal calcium phosphate via calcium ion bounding to phosphoserine residues of these proteins [31] . For the whey, the considerable calcium and phosphorus content of the fouling layer suggests that protein adsorption involves calcium and phosphate interaction with the protein and/or with the membrane. The negative charge of PTFE can lead to charge interaction with salts [32] . Once a layer of proteins had formed, the whey proteins could interact with each other via salt bridging with few salts adsorbed onto the membrane surface. Generally, whey proteins are known to aggregate at a high concentration -a condition which occurs near the membrane and is further influenced by temperature and pH [33] . 
Initial adhesion
Proteins are known to adsorb on hydrophobic surfaces due to their hydrophobic or amphoteric character [34] [35] [36] . As shown in Figure 5 , the fouling layer largely consisted of proteins. The extent and rate of adsorption appeared to be governed by the nature and type of dairy proteins and the presence of calcium phosphate. An insight into adsorption behaviour of the individual dairy proteins and their combinations onto the PTFE surface was gained via the use of reflectometry.
To further elucidate complex protein fouling mechanisms of milk, the rate and extent of adsorption of the three casein groups present in milk is shown in Figure 6 : α-, including both α s1 and α s2 casein, β-and κ-casein, individually and in pairs. All three caseins exhibited different adsorption behaviour.
Κ-Casein was found to adsorb faster than the other caseins, while α s -casein was found to absorb the slowest and to the least extent. β-Casein was also slow to adsorb, but it adsorbed to a greater extent than the other two caseins. Combining two casein groups greatly accelerated overall deposition and resulted in fastest adsorption rates when combined with κ-casein. The final adsorbed amount was in between that of the respective single caseins. When all three caseins were combined, however, the rate and extent of adsorption was less than for the paired combinations. This is consistent with the formation of a more stable mixed casein micelle when the three caseins are present, which does not adsorb as readily. Micelles in milk suspensions are stabilized by the presence of k-casein on the surface of the micelle where it functions as an interface between the hydrophobic casein micelle interior and the aqueous environment [37] . Whey proteins as shown in Figure 7 adsorbed more slowly and resulted in lower adsorbed amounts compared to single caseins. Bovine serum albumin (BSA) led to lowest adsorbed amount, α-lactalbumin (α-La) was the slowest to adsorb to the PTFE surface, whereas β-lactoglobulin (β-Lg)
showed the fastest and highest adsorption amongst the single proteins. It has been previously shown that β-Lg contributes more to membrane fouling than α-La due to the ability of β-Lg to form protein sheets on the membrane surface [38] . All combinations of two whey proteins reached slightly higher total adsorbed amounts than individual whey proteins. Also, the combination of α-La and BSA accelerated deposition, and was faster than respective single proteins. The total deposition amount was only slightly increased when all whey proteins were combined together compared to the combination of α-La and β-Lg, but the adsorption rate was much faster. In contrast to the situation with caseins where the combination of all the caseins appeared to lead to the formation of a more stable mixed micelle which does not adsorb as readily, the combination of the different whey The uniform skim milk fouling layer has not obviously penetrated into the membrane structure, whereas some membrane fibres can be detected in the whey fouling layer at its transition point to the membrane. This indicates that the whey fouling layer did not remain on the membrane surface but penetrated at least partly into the web structure of the membrane, therefore reducing its porosity. The thickness of the observed fouling layer was found to be much thinner for skim milk 
Elemental scan
Elemental analysis of the cross-section of the membrane and fouling layer gives insight into which components are located close to the membrane surface or even inside the membrane fibre structure and which deposit on top of this initial layer. An elemental scan using SEM-EDS was performed as a surface analysis by focusing on cracks of the fouling layer which occurred as a result of the drying step. This enabled exclusion of any artefact due to sample preparation as compared to a sectioning procedure. As shown in Figure 9 for the skim milk fouling layer, calcium and phosphorus showed very similar distribution towards the membrane sided edge of the crack which could be due to the casein micelles in skim milk containing phosphorus and calcium which work together to form the fouling layer. For the whey fouling layer, on the other hand, calcium was barely present at the membrane but clearly concentrated at the outer edge of the crack within the fouling layer, whereas phosphorus was also present at the membrane sided edge of the crack representing the membrane fouling layer interface. Whey does not contain phospho-proteins contributing to a uniform distribution of these two minerals. The fluorine map relates to the membrane material. The sharper decline in intensity of fluorine for skim milk fouled membranes supports the observation via SEM images that whey anchored inside the membrane web-structure, while skim milk fouling did not anchor as strongly into the membrane pores. The occurrence of minerals inside the membrane structure after MD is in line with findings by Gryta et al. [4] who reported salt deposition inside membranes after DCMD of wastewater. 
Synchrotron infrared microscopy
Using synchrotron IR spectroscopy, the multilayered nature of the dairy fouling layer can be observed from the perspective of functional groups giving more insight to fouling distribution caused by organic matter. A line scan derived from an area map of the analysed membrane cross-sections is shown in Figure 10 [39, 40] , confirming that proteins remained on the membrane surface for skim milk, while for whey an overlap with the membrane material occurs. These compounds could be denatured whey proteins interacting with salts or the membrane itself. At wavenumber 1049 cm -1 one single peak occurred which is assumed to represent calcium phosphate [41, 42] . This linescan confirms SEM-EDS findings, presented above, where calcium phosphate for the skim milk sample was less involved nearer to the surface. This is also supported by the previous conclusion that caseins in skim milk had a stronger interaction with PTFE on their own, while calcium played a role in accelerating the formation of the fouling layer. Instead, the rise in signal for calcium in the skim milk fouling layer further from the surface in Figure 10 indicates that initial adhesion by proteins can occur when they have a strong interaction with the membrane polymer, while calcium is involved in bridging proteins to assemble the complete fouling layer. Also, it is worth pointing out that the calcium phosphate signal by IR was stronger in the whey fouling layer supporting the concept that whey proteins form aggregates at the membrane that may have increased ability to bind calcium phosphate due to the exposure of free carboxyl groups [43, 44] . These interactions then result in a protein/calcium phosphate complex. The proximity of calcium to the membrane surface may be a result of whey protein aggregation which requires calcium. These aggregates then migrate into the pores bringing calcium into the pores. Thus in the case of skim milk where less mobile strongly adsorbing proteins were present, they protected the membrane surface from this intrusion from calcium.
Lactose absorbs in a similar range as calcium phosphate, however with a double peak at wavenumbers 1075 and 1042 cm -1 [39] , a single peak at 1080 cm -1 has also been associated with lactose [40] . In the present study a peak at 1080 cm-1 has been detected and is assumed to be related to lactose. As Figure 10 demonstrates, lactose concentration continually increases within the fouling layer which confirms the role of lactose in dairy fouling being related to protein deposition. 
Conclusions
Major findings regarding fouling mechanisms for skim milk and whey during membrane distillation include that skim milk fouling started with the deposition of proteins and salts with lactose joining at later fouling stages. In line with this, whey also showed salts and proteins depositing first but then the fouling layer grew more consistently in composition, increasing in total deposition amount of all components in similar relative quantities. Also, whey fouling remained reversible for much longer time periods while skim milk fouling happened within a few minutes. Whey fouling started in patches and grew across the membrane area while skim milk formed a homogeneous layer that grew in thickness. Also, the whey fouling layer was less dense than the skim milk layer which can A B explain differences in flux decline as a function of time. Chemistry suggests that caseins adsorb onto the membrane polymer in high amounts and very quickly and compete for area while whey proteins adsorb much slower and need each other to accelerate the adsorption process and to establish a thick layer. During MD of whey, some minerals and proteinaceous material penetrated into the membrane fibres while skim milk caseins seemed to form a protective layer on the membrane surface. This was due to calcium playing a stronger role on adhesion in the presence of whey proteins that interacted slower with the membrane and whey protein aggregation may be an explanation for these interactions. This study has uncovered fouling mechanisms during MD of skim milk and whey and future research to explore ways to reduce protein fouling with these hydrophobic membranes would be of benefit to introduce this process to dairy processing.
Furthermore, the influence of operating parameters on fouling mechanisms needs to be explored in order to reduce fouling occurrence.
